Abstract Studies of rocks in Gale Crater and clasts within the Martian meteorite breccia Northwest Africa (NWA) 7034 (and paired stones) have expanded our knowledge of the diversity of igneous rocks that make up the Martian crust beyond those compositions exhibited in the meteorite collection or analyzed at any other landing site. Therefore, the magmas that gave rise to these rocks may have been generated at significantly different conditions in the Martian mantle than those derived from previously studied rocks. Here we build upon our previous models of basalt formation based on rocks analyzed in Gusev Crater and Meridiani Planum to the new models of basalt formation for compositions from Gale Crater and a clast in meteorite NWA 7034. Estimates for the mantle potential temperature, T P based on Noachian age rock analyses in Gale Crater, Gusev Crater, and Bounce Rock in Meridiani Planum, and a vitrophyre clast in NWA 7034 are within error, which suggests that the calculated average T P of 1450 ± 70°C may represent an average global mantle temperature during the Noachian. The T P estimates for the Hesperian and Amazonian, based on orbital analyses of the chemistry of the crust, are lower in temperature than our estimates for the Noachian, which is consistent with simple convective cooling of the interior of Mars. However, the T P estimates from the young meteorites are significantly higher than the estimates based on surface chemistry and are consistent with localized "hot spot" melting and not heating up of the interior.
Introduction
Recent investigations of Mars rocks at Gale Crater and meteorite Northwest Africa (NWA) 7034 (and pairs) have expanded our knowledge of the variability of igneous compositions that make up the Martian crust. These rocks may have experienced significantly different formation conditions in the Martian mantle than those previously studied. Mars Science Laboratory examined four rocks in Gale Crater, dubbed the Bradbury assemblage (Jake_M, Bathurst Inlet, Et_Then, and Rocknest), which are more silica-and alkali-rich compositions than rocks in the meteorite collection or those analyzed at other landing sites [Stolper et al., 2013; Schmidt et al., 2014] . Three out of the four rocks show chemical similarities and may be related [Schmidt et al., 2014] ; the other rock, Jake_M, is a silica-undersaturated mugearite and potentially unrelated to the other rocks analyzed in Gale Crater [Stolper et al., 2013; Schmidt et al., 2014] . NWA 7034 (and paired stones), a Martain regolith breccia, contains clasts of mugearite and other similarly silca-and alkali-rich compositions Santos et al., 2013 Santos et al., , 2014b Udry et al., 2014b] . These rocks extend the compositional space to more evolved compositions than exhibited in the meteorite collection or analyzed at any other landing site Humayun et al., 2013; Santos et al., 2013; Stolper et al., 2013; Schmidt et al., 2014; Udry et al., 2014b] . Therefore, they may represent magmas that tapped a previously unstudied source region (P and/or T). Here we build upon our previous models of basalt formation based on rocks analyzed in Gusev Crater and Meridiani Planum [Filiberto et al., 2010a; Filiberto and Dasgupta, 2011] . We compare our new results on rocks from Gale Crater and a clast in meteorite NWA 7034 to the similarly ancient rocks from Gusev Crater and Meridiani Planum to calculate an average mantle potential temperature for ancient Mars. We then compare the results for Noachian Mars to estimates for formation conditions of younger rocks (Hesperian and Amazonian surface regions [Baratoux et al., 2011] and Amazonian Martian meteorites [Musselwhite et al., 2006; Filiberto et al., 2010b; Gross et al., 2011] ) to investigate how the mantle potential temperature of Mars may have changed through time.
-bearing oxide cements and the least igneous composition studied [Schmidt et al., 2014] . However, there is debate among the Mars Science Laboratory team as to the origin of these rocks (sedimentary versus igneous) [e.g., Bridges et al., 2013; Minitti et al., 2013; Sautter et al., 2013; Blaney et al., 2014; Edgett et al., 2014; Schmidt et al., 2014] . We will rely on those rocks (Jake_M and Bathhurst_Inlet), which have been suggested to be near igneous compositions [Stolper et al., 2013; Sautter et al., 2014; Schmidt et al., 2014] . We will include other compositions (Rocknest_3 and Et_Then) with the caveat that they may represent broadly volcanic compositions with isochemical alteration [Schmidt et al., 2014] suggestive of volcaniclastic rocks , increasing the uncertainty in our calculations and similar to assumptions made by previous studies [e.g., Balta and McSween, 2013a; Schmidt et al., 2014; Treiman and Filiberto, 2014] . We will discuss the effects of alteration and their calculated parental magmas in more details below.
While no age date has been obtained for the Bradbury Assemblage, we have two constraints on the age of Gale Crater, placing an estimate on the age of the Bradbury Assemblage: (1) crater counting places the age of Gale Crater at the Late Noachian (4.1 to 3.5 Ga) with deposits in the crater being Late Noachian into the Hesperian (3.5 to 2.9 Ga) [Anderson and Bell, 2010; Schwenzer et al., 2012; Grant et al., 2014, and references therein] and (2) in situ K-Ar age dating of the Sheepbed mudstone gives an age of 4.21 ± 0.35 Ga [Farley et al., 2014] .
NWA 7034
Martian meteorite NWA 7034, and paired stones, is a polymict basaltic regolith breccia with a bulk composition similar to the average Martian crust and noble gas signatures similar to the modern Martian atmosphere [Cartwright et al., 2014] . It is thought to be Noachian in age (4.428 ± 25 Ma [Humayun et al., 2013; Cartwright et al., 2014; Yin et al., 2014] ), although younger ages (4.35 Ga, 2.1 Ga, 1.7 Ga, 1.6 Ga, 1.44 Ga, 1.35 Ga, and 170 Ma) have also been reported Humayun et al., 2013; Cartwright et al., 2014; Yin et al., 2014] . These younger dates may reflect ages of disturbance (alteration or metamorphism) and are not thought to represent the initial age of formation [e.g., Humayun et al., 2013; Cartwright et al., 2014] . Since the bulk composition represents diverse clastic material, it does not represent a magma composition and is not relevant to this study; however, individual clasts within the meteorite are appropriate for comparison with rocks on the surface. Udry et al. [2014b] recently investigated a vitrophyric clast within NWA 7034 that contains skeletal olivine and pyroxene with mesostasis which has a similar bulk composition to the surface basalt Humphrey at Gusev Crater. The bulk composition may have been contaminated by a chondritic impactor, which affected the Ni concentration, but the overall similarity of the major element composition with Humphrey suggests that the contamination did not significantly alter the major elements. Therefore, we will use the bulk composition in our calculations. The vitrophyric clast has not been age dated; we will cautiously use the 4.4 Ga age, thought to be the age of the rock [Humayun et al., 2013; Cartwright et al., 2014] , with the caveat that the clast could be younger (2.1 or 1.4 Ga) in age Yin et al., 2014] .
Gusev Crater: Age and Rock Discussion
Mars Exploration Rover Spirit analyzed the largest number of basalts of any of the landers on Mars [e.g., McSween et al., 2006; McSween et al., 2008] . Therefore, we have the best constraints on the source region of these basalts [e.g., Schmidt and McCoy, 2010; Filiberto and Dasgupta, 2011] . We have previously discussed the mantle source conditions needed to form different classes of basalts analyzed in Gusev Crater [Filiberto and Dasgupta, 2011] . Therefore, we will only briefly summarize our previous results in order to make a direct comparison with the rocks of Gale Crater, Meridiani Planum, and Martian meteorites.
Basalts in Gusev Crater can be broadly classified into three main groups based on the P-T of formation: Barnhill-class basalts at Home Plate, Wishstone-class basalts in the Columbia Hills, and the Adirondack-class basalts on the Gusev plains. These basalts are thought to be 3.65 Ga old based on crater counting of the Gusev Lava Plains [Greeley et al., 2005] ; however, we do not have an exact age for any of these rocks.
Barnhill-class basalts: Our estimates show very consistent P-T conditions needed to produce most of the Home Plate basalts and suggest that the entire sequence may be related to a single batch of magma equilibrated in the mantle at~1.1 GPa and 1410°C. Adirondack-class (and Irvine-class basalts): The temperatures needed to produce both the Adirondack-class and Irvine-class basalts are significantly higher than any of the other basalts in Gusev Crater. They yield an average condition of melt-mantle equilibration of~2 GPa and 1490°C. Wishstone-class basalts:The Wishstone-class basalts, unlike the Adirondack-class basalts and Home Plate basalts, are fractionated alkalic basalts [e.g., Usui et al., 2008a; Udry et al., 2014a] . The pressures and temperatures of formation calculated needed to produce the parental magma to these basalts are just above the mantle solidus, suggesting that their parental magmas may represent low-degree partial melts (≪ 5 wt %) from deep Martian mantle.
Meridiani Planum: Age and Rock Discussion
The only basaltic sample analyzed in Meridiani Planum that has not undergone extensive weathering is Bounce Rock [Rieder et al., 2004] . Its bulk chemistry is similar to some of the basaltic shergottites [Zipfel et al., 2011] but not the basalts in Gusev Crater analyzed by Spirit rover [e.g., McSween et al., 2004] . Modeling results show that it has a similar temperature of formation but a significantly shallower depth of formation than the basalts analyzed in Gusev Crater [Filiberto and Dasgupta, 2011] . Again, we do not have an exact age of formation for Bounce Rock, but based on the geology of the area, Meridiani plains materials are thought to be Middle to Late Noachian [Arvidson et al., 2003] . However, Bounce Rock may have derived from beneath the plains unit and then have been thrown to the surface by impact, making Bounce Rock potentially older than the plains units [Zipfel et al., 2011] .
Shergottites: Age and Rock Discussion
Olivine-phyric shergottites are a significant and important subgroup of Martian shergottites [Goodrich, 2002] . They contain large olivine crystals with lesser orthopyroxene and chromite grains set in a fine-grained matrix mainly pigeonite and plagioclase [e.g., Goodrich, 2002 Goodrich, , 2003 Usui et al., 2008b; Basu Sarbadhikari et al., 2009; Gross et al., 2011; Filiberto et al., 2012] . The high-MgO contents of Ol-phyric shergottites have led previous researchers to suggest that they could represent primitive mantle melts [Goodrich, 2002; Musselwhite et al., 2006; Usui et al., 2008b; Gross et al., 2011] ; however, many do not represent magma compositions but contain excess olivine, complicating their use to understand mantle melting conditions [Goodrich, 2002; Shearer et al., 2008; Filiberto et al., 2010b; Filiberto and Dasgupta, 2011] . We have pressure-temperature estimates of formation for meteorites Yamato 980459, NWA 5789, and NWA 1068 based on high-pressure laboratory experiments on the putative melt compositions and/or pMELTS modeling [Musselwhite et al., 2006; Filiberto et al., 2010b; Gross et al., 2011] . We will briefly discuss these results.
Yamato 980459 (Y98)
Y98 is a basaltic Martian meteorite with abundant magnesium olivine phenocrysts [Greshake et al., 2004; . The most magnesium olivine is in equilibrium with the bulk composition, suggesting that the bulk composition represents a magma composition with no excess olivine Filiberto and Dasgupta, 2011] . Using the inverse experimental approach, Y98 is found to be saturated with olivine and orthopyroxene on the liquidus at 1.2 GPa and 1540°C, suggesting that it represents a primitive mantle-derived melt [Musselwhite et al., 2006] . It is 472 ± 47 Ma based on Sm-Nd isochron [Shih et al., 2005] .
NWA 5789
NWA 5789 has a bulk chemistry similar to Y98, suggesting that they may be possibly related [Gross et al., 2011] . We currently do not have a crystallization age for NWA 5789, but its similar bulk chemistry to Y98 suggests that they may have a similar age [Irving et al., 2010] ; therefore, we will assume the same age. Similar to Y98, the magnesium olivine cores are in equilibrium with the bulk composition of NWA 5789, suggesting that it too represents a magma composition [Filiberto and Dasgupta, 2011; Gross et al., 2011] . However, unlike Y98, experiments have not been conducted on NWA 5789; instead, pMELTS modeling has been done to calculate the pressure and temperature of formation [Gross et al., 2011] . The calculated conditions of formation for NWA 5789 are 1.1 GPa and 1525°C.
NWA 1068
Similar to NWA 5789 and Y98, NWA 1068 is an olivine-phyric shergottite that has primitive characteristics [Barrat et al., 2002; Goodrich et al., 2003] . Unlike NWA 5789 and Y98, NWA 1068 is enriched in trace elements, while Y98 and NWA 5789 are depleted in trace elements [Barrat et al., 2002] . This may suggest a difference in formation conditions between these source regions. Furthermore, NWA 1068 is younger than the other stones at 185 ± 11 Ma based on Sm-Nd and Sr-Rb isochrons [Shih et al., 2003] . Inverse experimental petrology has suggested that NWA 1068 contains cumulate olivine [Filiberto et al., 2010b] ; therefore, caution must be used when using the pressure and temperature of formation from these experiments to understand the Martian interior. However, recent work reinvestigating the bulk and mineral chemistry of NWA 1068 has suggested that olivine accumulation may not be as large as previously calculated [Collinet et al., 2012] . Therefore, we will cautiously use the experimental results. The Ol-Opx-L multiple saturation point and therefore last condition of melt-mantle equilibration for NWA 1068 occurs at 1.7 GPa and 1520°C.
Methods for Modeling the Pressures and Temperatures of Formation
The rocks analyzed in Gale Crater and the clast in NWA 7034 are evolved rocks that are not in equilibrium with the Martian mantle. In order to calculate the conditions of formation (pressure and temperature) for these basalts within the Martian mantle, we first calculate the primary magma compositions following the approach used for basalts in both Gusev Crater and Meridiani Planum [Filiberto and Dasgupta, 2011] . We add back olivine in 0.01 wt % increments using the appropriate K D (0.35 ± 0.01) until the calculated basalt composition (Table 1 ) is in equilibrium with the Martian mantle (Fo 77 ). While we do not know the exact composition of the Martian mantle, a Martian mantle olivine composition of Fo 77 is the average of the estimated Martian mantle compositions (see Filiberto and Dasgupta [2011] for the full range of mantle compositions. The average composition was calculated from McGetchin and Smith [1978] , Morgan and Anders [1979] , Goettel [1981] , Dreibus and Wänke [1985] , Ohtani and Kamaya [1992] , Bertka and Fei [1996] , Lodders and Fegley [1997] , Sanloup et al. [1999] , Agee and Draper [2004] , and Taylor [2013] ). To estimate the pressures and temperatures of formation for these calculated primary magma compositions, we use olivine-melt Mg-exchange thermometry [Putirka, 2005] and silica activity in the melt barometry [Lee et al., 2009] that have been shown to be appropriate for Martian surface basalt compositions [Filiberto and Dasgupta, 2011] . A shift in the mantle olivine composition of 1 Fo unit causes a shift of~0.1 GPa and <20°C in estimated pressure and temperature, respectively. Figure 1 shows the as analyzed and calculated primary magma compositions for Gale Crater rocks and a clast in NWA 7034 compared with rocks (as analyzed and the calculated primary magma compositions) from Gusev Crater and Meridiani and the bulk composition of olivine-phyric shergottites [Filiberto and Dasgupta, 2011; Filiberto et al., 2012] . Primary magmas were calculated by adding olivine until the calculated basalt composition is in equilibrium with the Martian mantle. For rocks of Gusev Crater, we previously showed that this was acceptable because rocks of Home Plate were related by olivine-only fractionation [Filiberto and Dasgupta, 2011] ; however, rocks analyzed in Gale Crater may not be related by simple fractionation processes [Schmidt et al., 2014] . Comparing the rocks (as is and calculated parent compositions), with the previous work on rocks from Gusev Crater and Meridiani, we can constrain if Ol-only fractionation is acceptable for Gale Crater rocks as well. Rocks from Gale Crater have similar chemistry to other rocks analyzed on the surface but extend the known compositions to lower silica contents. The amount of olivine addition (Table 1 ) is similar to our previous calculations [Filiberto and Dasgupta, 2011] and are reasonably low (<20% addition), suggesting that olivine-only fractionating assemblage may be acceptable. The similarity in bulk chemistry for the compositions in this study to rocks of Gusev Crater and Meridiani Planum (with the exception of Et_Then) is consistent with previous work, suggesting that they represent near-igneous compositions with only isochemical alteration (Figure 1 ) [Schmidt et al., 2014] .
Calculated Results

Primary Magma Compositions
Et_Then does not fit with the other known compositions by having much higher Fe contents and having a high amount of olivine addition (>20%). This is presumably due to the weathered nature of Et_Then increasing the Fe content [Schmidt et al., 2014] or due to orthopyroxene fractionation at depth increasing the Fe content and decreasing the Si content of Et_Then [Balta and McSween, 2013a] . Therefore, our calculated results below for Et_Then are not indicative of the primary magma composition nor of its formation conditions, and we will exclude them from the final evaluation.
The vitrophyre clast in NWA 7034 contains olivine and pyroxene in a mesostasis. It requires only 8 wt % olivine addition to be in equilibrium with the mantle and compositionally is similar to Gusev Crater basalts [Udry et al., 2014b] ; therefore, we feel confident that olivine-only fractionation occurred.
Petrogenesis of Gale Crater Basalts
Because Jake_M is the only definitively igneous rock [Stolper et al., 2013] , we will discuss its formation condition first. The calculated P-T of formation for Jake_M is at 0.9-1.0 GPa and 1115-1160°C (range of calculated pressures and temperatures from the different analyses of Jake_M). This is significantly below the experimentally determined solidus curve for nominally anhydrous Martian mantle Holloway, 1994a, 1994b; Agee and Draper, 2004; Filiberto and Dasgupta, 2011] . This should not be surprising as Jake_M is a mugearite and not a typical basalt composition. On Earth, evolved silica-undersaturated basalts can be produced by fractionation of a more primitive basalt, dominated by pyroxene, and not olivine, fractionation [Green, 1970; Filiberto and Nekvasil, 2003; Filiberto, 2006] ; therefore, adding olivine back in, such as what we have done here, may not be appropriate for such a basalt composition. Further, silica-understaturated basalts on Earth may require CO 2 in the mantle source regions [e.g., Hirose, 1997; Dasgupta et al., 2007] . CO 2 in the form of carbonates lowers the mantle solidus and produces both carbonatitic melt and carbonated silicate melt well below the CO 2 -free peridotite solidus [e.g., Eggler, 1978; Falloon and Green, 1989; Dasgupta and Hirschmann, 2006; Dasgupta et al., 2007 Dasgupta et al., , 2013 . Although melting of Martian mantle compositions in the presence of carbonates has not been explored experimentally, it is expected that the melting of the carbonated Martian mantle compositions will also commence below the volatile-free solidus as shown in Figure 2 [ Holloway, 1994a, 1994b; Agee and Draper, 2004; Filiberto and Dasgupta, 2011] . Alternatively, Stolper et al. [2013] hypothesized that in order to produce Jake_M by fractional crystallization, the parental magma would have had to be hydrous in order to suppress plagioclase crystallization. This could also explain the calculated P-T of formation being below the dry solidus, as water is known to depress the peridotite solidus, melting the mantle at lower temperatures [e.g., Mysen, 1975; Gaetani and Grove, 1998; Médard and Grove, 2006; Till et al., 2012; Green et al., 2014] . Therefore, for the rest of this discussion, we will Table 2 ). Experimental estimates for the Gusev Crater rocks Humphrey and Fastball (white hexagons) are shown as an internal calibration between experimental and modeling results [Monders et al., 2007; Filiberto et al., 2008 Filiberto et al., , 2010a . Also shown for reference, by the dashed line, is the solidus of nominally volatile-free Martian mantle [Filiberto and Dasgupta, 2011]. ignore the Jake_M composition as its parental magma was likely to be carbonated and/or hydrous, even though it is important to understand for Martian mantle evolution.
Bradbury Assemblage (Without Jake_M)
The rest of the Bradbury Assemblage (Bathurst Inlet, Et_Then, and Rocknest) yield P-T ranging from 1.6 to 2.8 GPa and 1390 to 1560°C. Et_Then has the highest P and T of formation, consistent with it representing an altered basalt. The other rocks at Gale Crater (without Et_Then) are similar to the formation conditions calculated, and experimentally determined, for the basalts in Gusev Crater [Filiberto et al., 2010a; Filiberto and Dasgupta, 2011] . Both the formation conditions for the Gusev rocks and Gale rocks are significantly of higher pressure than those for the Meridiani Planum Bounce Rock [Filiberto and Dasgupta, 2011] . In particular, the rocks at Gale Crater have similar formation conditions to Humboldt Peak in Gusev Crater.
NWA 7034
The vitrophyre clast in NWA 7034 yields P-T of 1.2 GPa and 1419°C. This is in the center of the range of formation conditions calculated for basalts of Gusev Crater [Filiberto and Dasgupta, 2011] and consistent with the clast having similar bulk chemistry to the Gusev Basalt Humphrey [Udry et al., 2014b] .
Methods for Mantle Potential Temperature Calculation
Our estimates of pressures and temperatures of formation for basalts in Gale Crater and a clast in NWA 7034 allow us to place further constraints on the mantle potential temperature for Mars and its plausible evolution following our previous approach [Filiberto et al., 2010a; Filiberto and Dasgupta, 2011] . To calculate the mantle potential temperature, we first evaluate the percent of melt fraction needed to produce the calculated primary magma compositions (Table 1) ; for this, we rely on TiO 2 partitioning [Prytulak and Elliott, 2007; Filiberto et al., 2010a; Filiberto and Dasgupta, 2011] . We assume that each primary magma is derived from a mantle composition (0.14 ± 0.01 wt % TiO 2 ) of Dreibus and Wänke [1985] and reviewed by Taylor [2013] and a bulk partition coefficient, D Ti mantle/melt of 0.05-0.10 Holloway, 1994a, 1994b; Prytulak and Elliott, 2007] . A change in mantle composition of 0.01 wt % TiO 2 (corresponding to the uncertainty reported by Taylor [2013] ) results in <10°C change in calculated mantle potential temperature. To calculate the potential temperature, T P of the Martian mantle, we correct the average pressure and temperature of putative primary basalt compositions to zero pressure using a mantle adiabatic gradient of 0.18°C/km [Kiefer, 2003] . We correct for the effect of latent heat of fusion on the temperature using the expression ΔT fus = F(H fus /C P ), where F is the melt fraction, H fus (6.4 × 10 5 J K À1 kg À1 [Kiefer, 2003] ) is the heat of fusion, and C P (1200 J K À1 kg À1 [Kiefer, 2003] ) is the heat capacity at a constant pressure.
Mantle Potential Temperature Results
The calculated results (Table 2) imply an average mantle potential temperature for the rocks in Gale Crater of 1500 ± 100°C and for the clast in NWA 7034 of 1430 ± 10°C. Et_Then gives the highest mantle potential temperature at~1600°C. This is consistent with Et_Then, having the largest amount of olivine added back to the bulk composition in order to be in equilibrium with the mantle and with Et_Then representing the most (5) altered (or least igneous) composition in the Bradbury Assemblage [Schmidt et al., 2014] . If we remove this analysis from the calculation, we end up with a mantle potential temperature of 1450 ± 30°C for Gale Crater, i.e., within error of the mantle potential temperature of 1430 ± 10°C for the clast in NWA 7034.
Mantle Potential Temperature Result Comparisons
Estimates for the mantle potential temperature, T P based on rock analyses in Gusev Crater and Bounce Rock in Meridiani Planum, are 1445 ± 85°C and 1475 ± 15°C, respectively [Filiberto and Dasgupta, 2011] , i.e., within error similar to the average obtained for Gale Crater and the clast in NWA 7034. The rocks in Gale Crater, Gusev Crater, Bounce Rock, and the clast in NWA 7034 are all thought to be Noachian in age based on geomorphology, crater counting, the single age date for Gale Crater, and age dating of NWA 7533, which is paired with NWA 7034 [Arvidson et al., 2003; Greeley et al., 2005; Anderson and Bell, 2010; Schwenzer et al., 2012; Humayun et al., 2013; Farley et al., 2014] , and give us the same range in T P [Filiberto et al., 2010a; Filiberto and Dasgupta, 2011] . This suggests that the calculated average T P (1450 ± 70°C) may represent an average global mantle temperature during the Noachian.
Further, we have T P estimates for the Hesperian and Amazonian from the analyses of surficial material [Baratoux et al., 2011] and Amazonian (~472 and 180 Ma) from the SNC meteorites [Musselwhite et al., 2006; Filiberto et al., 2010b; Gross et al., 2011] ; these estimates are 1400 ± 40°C and 1370 ± 30°C for surface flows and 1550 ± 10°C and 1480 ± 10°C for SNC meteorites (Table 2) . Therefore, we can investigate how the mantle temperature may have changed through time and if there were changes in the style of melting during these Martian eons. The results from NWA 7034, Gale Crater, Gusev Crater, and Meridiani Planum are consistent with an average Noachian T P of 1450 ± 70°C. The T P estimates for the Hesperian and Amazonian are based on orbital analyses of the crust and are lower in temperature than the estimates for the Noachian [Baratoux et al., 2011] . This is consistent with the simple convective cooling of the interior of Mars and may reflect the fact that the conditions of mantle melting capture secular cooling of the whole mantle [e.g., Breuer and Spohn, 2006; Baratoux et al., 2011; Filiberto and Dasgupta, 2011] .
However, estimates for the SNC meteorites [Musselwhite et al., 2006; Filiberto et al., 2010b; Gross et al., 2011] , which are for the youngest rocks [e.g., Jones, 1986; Nyquist et al., 2001; Walton et al., 2008; Moser et al., 2013] , are significantly higher than those for equally young rocks viewed from orbit [Baratoux et al., 2011] and are similar to our estimates for rocks from the Noachian. This discrepancy can be explained by one of two hypotheses:
(1) the shergottites are actually ancient (~4.0 Ga) rocks [Bouvier et al., 2005; 2008] or (2) the parental melt of meteorites do not derive from average global mantle melting and thus does not capture the thermal state of background mantle. The Martian meteorites are thought to be relatively young rocks based on Sm-Nd, Rb-Sr, and K-Ar systematics [e.g., Jones, 1986; Nyquist et al., 2001; Walton et al., 2008] ; conversely, the Pb-Pb age dating gives an ancient crystallization age [Bouvier et al., 2005; 2008; , giving the possibility that they represent Noachian crustal material consistent with the rocks analyzed by the Mars Exploration Rover and Mars Science Laboratory. However, recent work on age dating of microbaddeleyite and launch-generated zircon has also confirmed the young ages of the Martian meteorites [Moser et al., 2013] . Therefore, we consider the possibility that the Martian meteorites do not represent basalts produced by average global-scale mantle melting, which is represented by the rocks in Gusev and Gale Crater, Meridiani Planum, and surface lava flows. Instead, the Martian meteorites represent localized melting similar to hot spots or plume melting in the Earth, which is consistent with Martian meteorites representing only a small of ejection events (≤10) and therefore a small number of locations in the crust [e.g., Eugster et al., 1997; Nyquist et al., 2001; Head et al., 2002] .
Estimates for the T P of intraplate ocean island basalts on Earth are often as much as 100-200°C hotter than those for mid-ocean ridge basalts [Putirka, 2005; Courtier et al., 2007; Herzberg et al., 2007; Putirka et al., 2007; Lee et al., 2009; Herzberg et al., 2010] , although strongly silica-undersaturated basalts from intraplate ocean islands that are affected by CO 2 and/or eclogite in their mantle source regions may not require any substantial thermal anomaly and could be generated by small-scale convections at the base of matured lithosphere [Mallik and Dasgupta, 2012; . Alternatively, the Ol-phyric shergottite source region may have been enriched in H 2 O or Cl [e.g., Filiberto and Treiman, 2009a; McCubbin et al., 2012; Balta and McSween, 2013b; Gross et al., 2013] (Figure 3 ).
Estimates of mantle temperature and convective style have also been made from analyses of the surface chemistry, as well as geophysical modeling [Zuber et al., 2000; McGovern et al., 2002; Kiefer and Li, 2009; Baratoux et al., 2011; Ruiz et al., 2011; Baratoux et al., 2013; Ruedas et al., 2013; Ruiz, 2014] . The results of these models have been used to debate the cooling history of the interior of Mars and the process by which it loses heat [McGovern et al., 2002; Kiefer, 2003; Kiefer and Li, 2009; Baratoux et al., 2011; Ruiz et al., 2011; Baratoux et al., 2013; Ruiz, 2014] . Some models have suggested that the interior of Mars has actually heated up through time [Ruiz et al., 2011; Ruiz, 2014] ; others have suggested simple heat loss from the interior as a function of whole mantle convection [McGovern et al., 2002; Kiefer, 2003; Kiefer and Li, 2009; Baratoux et al., 2011] . Our results, combined with the analyses of surface materials [Baratoux et al., 2011] , place constraints on this debate. Mantle potential temperatures derived for ancient rocks in Gusev Crater, Gale Crater, Merdiani Planum, and NWA 7034 are all similar within error, suggesting that they represent an average mantle potential temperature for the Noachian. Estimates for the Hesperian and Amazonian mantle T P that come from GRS surface analyses suggest a progressive cooling of the interior, as would be expected for a simple cooling of the interior [Baratoux et al., 2011] . The T P estimates of the meteorites are significantly higher than the estimates based on surface chemistry. This could imply a heating up of the interior of Mars over the last 1-2 Ga (Figure 3 ), as has been suggested based on paleo-heat-flow estimates [Ruiz et al., 2011; Ruiz, 2014] . However, the SNC meteorites have been suggested to not represent the average composition or mineralogy of the Martian crust because there are very limited areas in the Martian crust with similar mineralogy and chemistry to the shergottites [e.g., Hamilton et al., 2003; Taylor et al., 2006; Lang et al., 2009; McSween et al., 2009; Filiberto, 2011; Ody et al., 2014; Werner et al., 2014] , and they represent only a small number of ejection events (≤10) from an equally small number of locations in the crust [e.g., Eugster et al., 1997; Nyquist et al., 2001; Head et al., 2002] . This suggests a unique localized source region for the shergottites, which may not represent the average crust (and therefore mantle). Therefore, instead of heating up of the mantle [Ruiz, 2014] , localized hot spot melting likely produced the shergottite parental magmas.
Concluding Remarks
Estimates for the mantle potential temperature, T P based on Noachian age rock analyses in Gale Crater, Gusev Crater, Bounce Rock in Meridiani Planum, and a clast in NWA 7034 are within error, which suggests Figure 3 . Mantle potential temperature (T P ) versus age for surface rocks from Gale Crater (black squares) (this work), the clast in NWA 7034 (white diamond) (this work), Gusev Crater (black circle) [Filiberto et al., 2010a; Filiberto and Dasgupta, 2011] , and Bounce Rock in Meridiani Planum (black star) [Filiberto and Dasgupta, 2011] compared with similar estimates for surface volcanics (gray circles) [Baratoux et al., 2011] and Ol-phyric shergottites (white circles) [Musselwhite et al., 2006; Filiberto et al., 2010b; Gross et al., 2011] . Uncertainty in the age for the lava flows in Gusev Crater was not originally reported [Greeley et al., 2005] ; we have assumed an error of 0.5 Ga. Data for potential temperature, age, uncertainties, and references are from Table 2 .
that the calculated average T P of 1450 ± 70°C may represent an average global mantle temperature during the Noachian. The T P estimates for the Hesperian and Amazonian, based on orbital analyses of the crust [Baratoux et al., 2011] , are lower in temperature than the estimates for the Noachian, although hotter temperatures derived from young shergottites suggest the presence of localized thermal anomalies. The calculated potential temperatures do not require the mantle to be heating up for the most part of the history of Mars, as has recently been suggested based on paleo-heat-flow estimates [Ruiz, 2014] . Instead, our analyses are consistent with simple convective cooling of the interior of Mars.
